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Abstract

Oriented soft magnetic hcp-Co1 − xIrx films with a fixed thickness of 120 nm were fabricated. All prepared films
exhibit soft magnetic properties but various magnetocrystalline anisotropies with the variation of Ir content. The
measured data shows that diverse domain structures including the Néel wall, Bloch wall, and stripe domains
present in a fixed film thickness. It is singular for the single-layer soft magnetic film to possess diverse domains in
a fixed thickness. This phenomenon was explained by introducing intrinsic magnetocrystalline anisotropy energy
into soft magnetic films rather than the structural parameters of the film, inner stress, and microstructure effect.
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Background
In past decades, soft magnetic films have been applied in
information storage technology and sensors. Their po-
tential applications in the high-frequency area, such as
inductor, noise suppressor, and field generation layer
inside a spin torque oscillator, further spur researchers
to investigate the moment distribution and property ma-
nipulation of soft magnetic thin films. In soft magnetic
thin films [1–4], their moment distribution and macro-
scopic properties are strongly affected by the domain
structure and the domain structure even determines
their practical applications [5, 6]. In perpendicular mag-
netic recording, the existence of the Bloch wall in a soft
magnetic underlayer causes the appearance of an out-of-
plane stray field [7]. This feature leads to an additional
noise signal during information reading. In the film
which needs a rotatable anisotropy, the formation of a
stripe domain structure is necessary [8, 9]. For a uni-
form soft magnetic single layer with in-plane isotropy,
the domain structure is determined by competition of
the exchange energy, magnetostatic energy, and mag-
netic anisotropy energies which are composed of

magnetocrystalline anisotropy energy and stress-
induced anisotropy energy. Generally, the magnetocrys-
talline anisotropy energy in traditional soft magnetic
films can be neglected due to the weak magnetocrystal-
line anisotropy of grains. For this kind of soft magnetic
films, all magnetic moments strictly lie in the film plane
and the domain structure is formed through the Néel
wall when the film thickness is small. The Néel wall will
transform into the Bloch wall as the film thickness exceeds
a critical value. The critical value of the Fe- and Co-based
soft magnetic film with negligible magnetocrystalline an-
isotropy is approximately 20–40 nm [10–12]. When the
film thickness is large enough, the stripe domain in which
nearly all magnetic moments deviate from the film plane
appears due to the weak perpendicular magnetic anisot-
ropy originating from inner stress or a microstructure
effect [13, 14].
Besides the film thickness, the domain structure can

also be affected by the substrate and sputtering condi-
tions which determine the inner stress and overall
microstructure in magnetic layers and hence determine
the perpendicular anisotropy which is the important
origin for the stripe domain structure. According to re-
ported literatures, the perpendicular anisotropy origin-
ating from the inner stress and microstructure effect in
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soft magnetic layers is usually very weak. When the film
thickness is fixed, the accomplishment of dramatic vari-
ation of domain structures by changing the microstruc-
ture or stress without external manipulation is difficult.
If the domain structure in soft magnetic layers can be
changed easily through intrinsic magnetic parameters,
the manipulation of domain structures will become eas-
ier and the expected domain structure can also exist in
a fixed film thickness. This can promote the application
of soft magnetic films in a wider area. In previous re-
searches, the method for introducing magnetocrystal-
line anisotropy into a soft magnetic CoIr alloy film with
orientation growth has been reported [15, 16]. The
magnetocrystalline anisotropy constant of the CoIr
alloy can even change from positive to negative with
the variation of the Ir content [15]. In this study, the
manipulation of the domain structure in soft magnetic
CoIr films with a fixed film thickness was deeply inves-
tigated by adjusting the intrinsic magnetocrystalline
anisotropy.

Methods
Oriented hcp-Co1 − xIrx films were fabricated on Si wa-
fers with surface oxidation by magnetron sputtering.
The layer structure of the samples, which is shown in
Fig. 1a, is substrate/Ti (9 nm)/Au (10 nm)/Co1 − xIrx
(120 nm). The Ti layer was used to enhance adhesive-
ness of the Au seed layer and to induce the (111) orien-
tation of the Au layer [17], and the Au seed layer was
used to obtain the oriented hcp-CoIr alloy with its c axis
perpendicular to the film plane. The pure Co with small
Ir pieces on its surface was used as the target. The con-
centration of Ir can be manipulated by the number of Ir
pieces to change the magnetocrystalline anisotropy of
the CoIr grain. The thickness of all magnetic Co1 − xIrx
layers was fixed as 120 nm. The sputter pressure was
0.25 and 0.30 Pa for the seed and CoIr layers, respect-
ively. The crystal structure of the prepared films was an-
alyzed by X-ray diffraction (XRD) with CuKα1 radiation
(source wavelength is 1.5406 Å). A vibrating sample
magnetometer (VSM) was used to measure their static
magnetic properties and determine the magnetocrystal-
line anisotropy field of the CoIr alloy. A magnetic force
microscope (MFM) was used to distinguish the domain
structure of the prepared magnetic layers. Chemical
composition of the magnetic layers was measured by an
energy dispersive spectrometer (EDS).

Results and Discussion
Figure 1b is a hexagonal crystalline system. The magne-
tocrystalline anisotropy energy of this system can be
expressed by

Egrain ¼ K1 sin
2θ þ K2 sin

4θ þ K3 sin
6θ þ K4 sin

6θ cos6φ

ð1Þ

Here, the coefficients with a twofold symmetry term
are summarized as K grain

u , and K4 is negligible due to that
it is usually very small in this system. When K grain

u is
positive, the easy magnetization direction is along the c
axis. This easy axis turns into a hard axis, and the mag-
netic moments prefer to lie in the c plane when K grain

u is
negative.
Figure 1c is the XRD patterns of the Co1 − xIrx films

grown on the Au seed layer, which is measured by the
θ–2θ scan method. Only two diffraction peaks are ob-
served in a film. The peak at the lower angle is the (111)
plane for Au. The strong peak at the higher angle corre-
sponds to the (002) plane of the hcp-CoIr alloy due to
that the hcp-Co alloy prefers to grow with its (002)
plane on the (111) plane of Au [17]. This unique strong
peak of the (002) plane reveals that the c crystal plane of
Co1 − xIrx is parallel to the film plane. As the atomic
diameter of Ir is bigger than that of Co, the lattice con-
stant of the CoIr becomes smaller with the decrease of

Fig. 1 a Layer structure of the sputtered films with Ti (9 nm)/Au
(10 nm)/Co1 − xIrx (120 nm). b Crystal structure of CoIr alloy. c XRD
patterns of the oriented Co1 − xIrx films
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Ir content. This is verified by the left drift of the diffrac-
tion angle.
To get the magnetocrystalline anisotropy constant

K grain
u of the Co1 − xIrx films with various Ir content, the

initial magnetization curves parallel and perpendicular
to the film plane were measured. Figure 2a shows typical
results of the Co91.1Ir8.9 film. The total out-of-plane an-
isotropy field Hout can be obtained by calculating the
area between two magnetization curves. The Hout should
be composed of demagnetization field 4πMs and magne-
tocrystalline anisotropy field K grain

u . The demagnetization
field can be obtained from the measured saturation
magnetization shown in Fig. 2b. The K grain

u can be gotten
by − [(Hout − 4πMs)Ms]/2. When Hout is larger than
4πMs, K grain

u is negative; on the contrary, K grain
u is posi-

tive. Figure 2b shows the calculated K grain
u values from

the measured data. When x = 18.9, the film has the
strongest magnetocrystalline anisotropy with a negative
K grain

u . As x decreases, the magnetocrystalline anisotropy
becomes weak while K grain

u keeps the negative value.
When x = 8.9, K grain

u turns to be a small positive value.
The positive K grain

u indicates the c axis in the CoIr alloy
is the easy axis. As the c axis of the CoIr alloy grows per-
pendicular to the film plane, the positive K grain

u results in
a perpendicular magnetic anisotropy of Co91.1Ir8.9 in the
film.
Figure 3 gives the in-plane hysteresis loops of the films

measured at room temperature. The inset shows the co-
ercivities of the samples. For the films with negative
K grain

u , the coercivity and applied magnetic field required
for saturation are all small. When K grain

u is negative, the
c crystal plane of CoIr alloy is the easy magnetization
plane and K4 is very small in this system. As the fabri-
cated films are composed of oriented CoIr grains with
its c crystal plane parallel to the film plane, this leads to
good soft magnetic properties along the film plane al-
though the magnetocrystalline anisotropy of the film is

strong. Moreover, in this situation, both the
demagnetization field and magnetocrystalline anisotropy
field spur magnetic moments to lie in the film plane.
When x = 8.9, the sample exhibits quite different proper-
ties. The magnetization process appears to be a transcri-
tical hysteresis loop, which is a strong signature of the
formation of stripe domain structures [8, 9, 14]. It is
speculated that the perpendicular magnetic anisotropy
originating from positive K grain

u of the CoIr alloy sup-
ports the formation of stripe domain structures. It
should be noticed that the coercivity in the film with
stripe domain is larger compared with that of the films
without stripe domain structures. This result is quite
consistent with other reports on films with stripe do-
mains and can be interpreted in terms of rotatable an-
isotropy often found in thin films with stripe domains
[8, 9, 14, 18].
Figure 4 displays the MFM images of the films in

demagnetization state with an area of 5 μm× 5 μm. For
the Co1 − xIrx film with x = 18.9, any out-of-plane stray
field is not detected. All magnetic moments should

Fig. 2 a Initial magnetization curves of the Co91.1Ir8.9 film parallel and perpendicular to the film plane. b Extracted magnetocrystalline anisotropy
constant of the Co1 − xIrx alloy

Fig. 3 Room temperature of the in-plane hysteresis loops of
the samples
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strictly lie in the film plane, and the domain structure
should be formed through the Néel wall. The schematic
of the domain structure was shown in Fig. 5a. Generally,
the transition thickness of the magnetic layer from the
Néel wall to the Bloch wall for Fe- and Co-based soft
magnetic film with negligible magnetocrystalline anisot-
ropy is about 20–40 nm. However, the oriented soft
magnetic Co91.1Ir8.9 film with a thickness of 120 nm still
possesses a Néel wall. This is due to the enhanced tran-
sition thickness from the Néel wall to the Bloch wall,
which can be explained by the following equations for
the Néel wall energy ENéel and the Bloch wall energy
EBloch [15]:

E
N
Ä
Oel

¼ A1
π2

σ
þ πMs

2σ2

t þ σ
ð2Þ

EBloch ¼ A1
π2

σ
þ −K grain

u

2
σ þ πMs

2tσ2

t þ σ
ð3Þ

where t, σ, and A1 denote magnetic layer thickness, do-
main wall thickness, and exchange stiffness constant, re-
spectively. The type of domain wall depends on which is

smaller for ENéel and EBloch. The critical transition thick-
ness of the magnetic layer from the Néel wall to the
Bloch wall can be achieved when ENéel = EBloch. The de-
pendence of the critical transition thickness from the
Néel wall to the Bloch wall on K grain

u by using Ms of
Co81.1Ir18.9 (1000 G) and the exchange stiffness constant
of pure cobalt are shown in Fig. 6. The critical thick-
ness increases with the increase of K grain

u

�� ��. For the ori-

ented Co81.1Ir18.9 film, its K grain
u ¼ −6:3� 106erg=cc.

The calculated transition thickness is 130 nm. Hence,
the Co81.1Ir18.9 film with a thickness of 120 nm still
possesses the Néel wall. When x = 14.3 and 9.8, the
magnetocrystalline anisotropy of the films becomes
weaker compared with the Co81.1Ir18.9 film and the do-
main wall characterized by black and white lines in the
MFM images is obviously detected. This domain wall
should be a Bloch wall due to that the out-of-plane
stray field in the transition area of the magnetic mo-
ment reversal is detected by MFM and the magnetic
moments except the domain wall area still lie in the
film plane. The schematic of the domain structure was
shown in Fig. 5b. Figure 6 also shows the critical

Fig. 4 MFM pattern of Co1-xIrx films with a scanning area of 5μm×5μm. a out-of-plane stray field is not detected for Co81.1Ir18.9; (b)-(c) out-of-plane
stray field in transition area of magnetic moment reversal is detected for Co85.7Ir14.3 and Co90.2Ir9.8, respectively (d) a stripe domain structure is clearly
shown with bright and black stripes for Co91.1Ir8.9
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thickness dependence of K grain
u by using Ms of

Co85.7Ir14.3 (1100 G) and Co90.2Ir9.8 (1190 G). The cal-
culated transition thicknesses are only 38 and 28 nm
for the Co85.7Ir14.3 and Co90.2Ir9.8 films, respectively. As
the actual film thickness is much larger than the transi-
tion thicknesses, the Bloch wall should exist.
When K grain

u turns to be positive, the film with x = 8.9
clearly exhibits a stripe domain structure (Fig. 5c dis-
plays its schematic), due to that the MFM image is com-
posed of bright and black stripes. This MFM image is
consistent with the transcritical hysteresis loop in Fig. 3
which is a signature of the formation of the stripe do-
main structure. According to the reported literatures,
the film thickness possessing the stripe domain is about

several hundred nanometers and the stripe domain
comes from the weak perpendicular magnetic anisotropy
that resulted from a stain and microstructure effect [8,
13, 19–22]. Its critical thickness can be described by

tcritstripe ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=Kperp

p
ð4Þ

Kperp originating from stress or a microstructure effect
is generally very weak. This leads to a larger tcritstripe from

the above equation. In this study, the oriented Co91.1Ir8.9
thin film exhibits the stripe domain structure in a rela-
tively small thickness. In the oriented Co91.1Ir8.9 thin
film, there is the uniaxial magnetocrystalline anisotropy
K grain

u perpendicular to the film plane. This K grain
u has

the same effect as Kperp on the formation of the stripe
domain structure. Moreover, the positive K grain

u can be
manipulated easily by varying the Ir content, so the tcritstripe

can also be adjusted easily in this film system.

Conclusions
In summary, the diverse domain structures in oriented
soft magnetic Co1 − xIrx thin films with a fixed thickness
were reported. The magnetocrystalline anisotropy energy
was introduced into total energy in soft magnetic films
to adjust the domain structure. When K grain

u varies from
negative to positive, the domain structure exhibits a di-
verse change from the Néel wall domain to the Bloch
wall domain and then to the stripe domain with all mag-
netic moments deviating from the film plane. All these
changes are accomplished only by adjusting the intrinsic
magnetic parameters. This work offers a new avenue to

Fig. 6 The dependence of the critical transition thickness from the
Néel wall to the Bloch wall on Kgrainu at Ms = 1000, 1100, and 1190 G

Fig. 5 The schematics of the domain structure. a Néel wall. b Bloch wall. c Stripe domain structure
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manipulate the domain structure in single-layer soft
magnetic films except film thickness, inner stress, and
microstructure determined by sputtering conditions.
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